I The effects of thyroid state on the properties of adrenoceptors mediating inotropic and chronotropic responses of the rat heart were assessed on the basis of the relative potencies of a-and /5-adrenoceptor agonists, the effects of a-and ,B-adrenoceptor antagonists and the tissue uptake of PH]-phenoxybenzamine (PHI-PB). 2 In isolated, electrically driven left atria the ratio of the inotropic potencies of isoprenaline and phenylephrine and the inhibitory potency of propranolol (40nM-4 giM) were significantly reduced after thyroidectomy and were moderately increased after thyroxine treatment of control rats.
Introduction
The striking similarities between the effects of sympathetic activity and the cardiovascular symptoms of hyperthyroidism have long suggested some relationship. However, there has been considerable controversy in the literature about the influence of thyroid hormones on the adrenergic reactivity of the heart. Classical works suggested that hyperthyroidism increased and hypothyroidism decreased the sensitivity of the myocardium to catecholamines or to sympathetic nerve stimulation, although some of the more recent studies failed to confirm these changes (Harrison, 1964; Waldstein, 1966) . Some of this controversy may have arisen from the fact that most studies did not distinguish between a-and P-adrenoceptor responses and did not test the effects of drugs with selective actions on a-and ,-adrenoceptors. Although the adrenoceptors mediating inotropic and chronotropic responses of the heart have the pharmacological characteristics of /5-adrenoceptors, there has been evidence that a-adrenoceptors can also mediate these responses in both amphibian (Nickerson, 1949) and mammalian hearts (Wenzel & Su, 1966; Benfey & Varma, 1967; Govier, 1968) , and the two kinds of receptors may be differently influenced by thyroid hormones. Recent studies with isolated hearts of frogs have shown that the adrenoceptors that mediate inotropic and chronotropic responses can be altered qualitatively by ambient temperature in a way that their characteristics shift from ,B toward a when the temperature of the isolated hearts is reduced through a critical range of 17-22°C (Kunos & Szentivfanyi, 1968; Buckley & Jordan, 1970; Kunos, Yong & Nickerson, 1973; Harri, 1973 ; Kunos & Nickerson, 1976) . These results suggested that a-and P-adrenoceptors represent different forms of a single basic structure, whose properties can be influenced by the metabolic activity of the tissue. Although qualitatively similar changes in adrenoceptor characteristics appear to occur in the mammalian myocardium (Kunos & Szentivanyi, 1968; Kunos, Vermes-Kunos, Boyd & Nickerson, 1973; Benfey, Kunos & Nickerson, 1974; Amer & Byrne, 1975) , the physiological significance of a temperature-induced change in a homeothermic species is obviously limited. Several observations indicate, however, that adrenoceptors can be influenced by factors other than temperature, including the administration of a iodo-or fluoroacetate (Nickerson & Nomaguchi, 1950) or dinitrophenol (Kunos & Szentivanyi, 1968; Matheny & Ahlquist, 1975) , skeletal muscle activity (Szentivfanyi, Kunos & Juhasz-Nagy, 1970a ) and increased vagal influence on the myocardium (Szentivanyi, Kunos & Juhasz-Nagy, 1 970b). Under these conditions, a-adrenoceptor properties were always promoted by a decrease and fiadrenoceptor properties were enhanced by an increase in metabolic activity. Therefore, it seemed possible that changes in thyroid state would also alter adrenoceptor properties. The results presented in this paper indicate a maximal dominance of,-adrenoceptors mediating inotropic and chronotropic responses in rats after thyroid hormone treatment, and an increased dominance of a-adrenoceptors after thyroidectomy. Some of these results have been published in a preliminary report (Kunos, Vermes-Kunos & Nickerson, 1974) .
Methods
Experiments were performed on isolated, electrically driven left and spontaneously beating right atria of male Sprague-Dawley rats. Hypothyroidism was induced by surgical thyroidectomy in rats weighing 180-220 grams. The thyroid glands were removed under ether anaesthesia. In most animals, the parathyroids could not be separated and were also removed. In a few rats, hypothyroidism was induced by a single intravenous injection of 200 gCi of 1311.
The results obtained in preparations from these animals were identical with those in atria from surgically thyroidectomized rats and the two groups were pooled. The experiments on the isolated tissues were carried out 6 weeks after the operation or 131I treatment, by which time the animals had become hypothyroid. Hypothyroidism was ascertained by reduction of growth, dryness of fur, a significant decrease in serum thyroxine levels, as determined by the method of Murphy & Pattee (1964) , and by a significant decrease in the control rate of beating of right atria (Table 1) . Control preparations were from weight-matched, or from sham-operated age-matched animals. Responses of atria from the two kinds of controls were not significantly different and the results were pooled. A third group of animals was first thyroidectomized and then injected daily with 1 mg/kg thyroxine (T4) or 0.25 mg/kg tri-iodothyronine (T3) for 1 week before the experiment. The effects of T4 or T3 treatment on responses of the isolated atria were similar. In the last group of animals, high serum thyroxine levels were maintained (Table 1) by daily intraperitoneal injections of 1 mg/kg T4 for 8 days before the experiment.
All animals were anaesthetized with ether and the (1952) , and had a specific activity of 33.13 mCi/mmol. Its physiochemical and pharmacological properties were identical to those of an authentic sample of PB hydrochloride (Smith, Kline & French) , and it was shown to be radiochemically pure Differences between means were evaluated by Student's two tailed t test for unpaired data or the t test for paired data, as appropriate, and differences with a P value of 0.05 or less were considered significant.
Results

Effects of altered thyroid state on adrenoceptors mediating inotropic responses
Thyroidectomy moderately reduced and thyroid hormone treatment slightly increased the basal contractile force of left atria but the maximal developed tension in response to agonists was similar in all groups. The relative inotropic efficacies of the agonists tested were also not significantly altered by changes in thyroid state; maximal increases in force in response to noradrenaline (NA) and isoprenaline were similar and the efficacy of phenylephrine was 70 to 100% of that of the other two agonists, in any of the groups tested. However, there were significant and selective changes in the potencies of the three amines ( Figure 1 ). Sensitivity to the relatively pure P-adrenoceptor agonist, isoprenaline, was significantly increased after thyroxine treatment and decreased following thyroidectomy, whereas sensitivity to the aadrenoceptor agonist, phenylephrine, was changed in the opposite way. NA sensitivity was significantly reduced by thyroidectomy but was not significantly altered by thyroxine treatment. For all three amines, the change in potency observed in the hypothyroid myocardium was reversed to or beyond control levels by thyroid hormone treatment of the thyroidectomized animals. The reciprocal changes in the sensitivity of aand P-adrenoceptors are reflected by changes in the molar potency ratio of isoprenaline and phenylephrine. The correlation between this parameter and serum thyroxine levels in different thyroid states (see Table 1 ) suggests that the balance between a-and,-adrenoceptors in the heart is under thyroid control; high thyroid hormone levels enhance the dominance of /-adrenoceptors and low hormone levels promote aadrenoceptor properties. Changes in the effectiveness of a-and /3-adrenoceptor antagonists were also compatible with this possibility. The data in Table 2 demonstrate that inhibition of responses to NA by propranolol was decreased by thyroidectomy and was moderately increased after thyroxine treatment. It was also noted that the relationship between dose-ratio, and inhibitor concentration, in hypothyroid atria deviated considerably from the relation expected from simple competitive inhibition. The effect of H 93/26, a cardioselective /3-blocking agent (Johansson, 1973) , on inotropic responses to phenylephrine also decreased in hypothyroidism. The log dose-ratio for half-maximal responses in the presence of 0. I gM H 93/26 and in its absence was 0.66 + 0.14 in atria from thyroidectomized and 1.11 + 0.11 in preparations from control animals (P <0.05).
In contrast to ,-adrenoceptor inhibitors, the effectiveness of a-adrenoceptor antagonists was increased after thyroidectomy and decreased following thyroid hormone treatment. Figure 2a shows that in control preparations, a 40 min exposure to 7.3 gM PB potentiated responses to NA and moderately inhibited the effect of phenylephrine. In preparations from thyroidectomized animals ( Figure 2b ), a similar exposure to PB partially inhibited responses to NA and blocked the effect of phenylephrine almost completely. Thyroid hormone treatment reversed the effect of PB on NA to full potentiation and reduced its blockade of responses to phenylephrine below control levels ( Figure 2c ). In atria from T4-treated control rats ( Figure 2d ) PB potentiated responses to NA and did not significantly inhibit responses to phenylephrine. In association with its increased blocking effect, significantly more [3HI-PB was bound to the hypothyroid myocardium (343 ± 18 pmol/mg dry tissue, ny=e22)than to atria from either control (262dah16, n = 13, P < 0.005) or from thyroidectomized, hormone-treated rats (223 e O, nt= 8, P < 0.005). The increased blocking effect of PB in the hypothyroid myocardium was not similar to the 'spurious' block that can be observed when baseline contractile amplitude is increased in the presence of PB (Nickerson & Chan, 1961) : after washout of the PB, the baseline contractile force was reduced slightly below control and the significant reduction in the maximal developed tension in response to NA and phenylephrine was not accompanied by a significant change in the maximal effect of CaC12 (Table 3) .
When hypothyroid atria were exposed to 0.7 gM PB in the presence of 12.8 gM quinidine, a drug known to reduce the rate of transmembrane Ca2+ exchange (Silva Gra9a & Van Zwieten, 1972) , the degree of block of responses to phenylephrine was the same as after PB alone. These observations discount the possibility that the increased blocking effect of PB in the hypothyroid myocardium is a non-specific effect on Ca2+ movements. The change in the blocking effectiveness of PB in hypothyroidism was also observed at lower concentrations of the inhibitor (Figure 3 ). In the atria from control rats, 0.07 giM PB was ineffective in inhibiting responses to phenylephrine ( Figure 3a ) and 0.7 gM PB produced a moderate block (Figure 3c ), whereas in atria from thyroidectomized animals, 0.07 giM PB produced significant inhibition (Figure 3d ) and reduction of the maximal response by 0.7 gM (Figure 3d) (Figure 2b ) was not different from the potentiation seen in control preparations (Figure 2a ), indicating that this effect was not influenced by the change in thyroid state. Inhibition by PB of the negative inotropic effect of pilocarpine was also not affected by thyroidectomy (Figure 4 ). In the latter experiments, pilocarpine was used as an agonist, since the use of acetylcholine for quantitative evaluation of cholinoceptor blockade in tissues with high cholinesterase activity is misleading. These observations suggest that the altered reactivity of the hypothyroid tissue to PB is selective to aadrenoceptors.
Since P-adrenoceptor activity was only reduced but not abolished after thyroidectomy, the effect of aadrenoceptor antagonists could have been masked by simultaneous activation of j-adrenoceptors by agonists. To reduce the ,B-adrenergic component of inotropic reactions, some preparations were exposed to PB in the presence of a small concentration of a /Badrenoceptor antagonist ( Figure 5 ). Figure 3b) , and even 0.007 gM PB produced significant inhibition of responses to both agonists ( Figure Sb) . These experiments indicate that in control preparations the strong dominance of fadrenoceptors is not significantly reduced after their moderate inhibition, whereas in atria from thyroidectomized rats, an even smaller inhibition produced by the same concentration of the fl-blocking drug, significantly enhanced the apparent a-adrenoceptor activity.
The effect of altered thyroid state on adrenoceptors mediating chronotropic responses Although changes in thyroid hormone levels caused significant and predictable changes in basal right atrial rate (Table 1) , the maximal increase in rate produced by agonists and their relative efficacies were not significantly altered. The maximal increase in heart rate produced by NA was slightly less than that after isoprenaline and slightly more than that after phenylephrine in all four groups. However, there were selective changes in the potencies of agonists, qualitatively similar to those observed with inotropic reactions in left atria. The data in Table 4 show that thyroidectomy reduced the potency of isoprenaline and increased the potency of phenylephrine, which resulted in a decrease in their molar potency ratio. Unlike inotropic responses, this change was not fully reversed by thyroid hormone treatment and thyroxine treatment of control rats failed to alter significantly the chronotropic potency of agonists. The same trend could be observed when inhibition by propranolol of chronotropic responses to NA was determined in different thyroid states (Table 5 ). The significant decrease in the effectiveness of propranolol in hypothyroidism was only partially reversed by thyroid hormone treatment and the increase in the inhibitory effect of propranolol in thyroxine-treated control rats was not statistically significant. The conclusion from these experiments, that chronotropic responses of control atria are closer to maximal P-adrenoceptor dominance than inotropic responses, was corroborated by results obtained with a-adrenoceptor antagonists. In contrast to inotropic responses, chronotropic responses to phenylephrine did not have a significant a-adrenoceptor component: PB (Figure 6a ) or phentolamine (Figure 6c ) failed to inhibit the increase in heart rate produced by phenylephrine. In right atria from thyroidectomized animals, the appearance of a-adrenoceptors mediating chronotropic responses was indicated by the significant inhibition of the effect of phenylephrine by PB (Figure 6b ) or by phentolamine (Figure 6d) .
Changes in thyroid state were associated with significant changes in the slopes of concentrationresponse curves for chronotropic effects. Changes in the slopes of inotropic concentration-response curves were smaller and less consistent. Although the slope of the concentration-response relationship in a complex system can be influenced by a variety of factors and its value in studying quantitative aspects of drugreceptor interactions is limited, the parallel between th,e observed changes in receptor properties and changes in slopes of the concentration-response curves of chronotropic reactions justifies a limited quantitative analysis of dose-response relationships. A simple way to describe concentration-response curves is to use the ratio of two concentrations causing specified effects (Stephenson, 1956) . Table 6 shows the logarithms of the ratios of concentrations that produce 50% and 20% of the maximal chronotropic responses to isoprenaline and to phenylephrine. In control preparations, where both agonists exerted their effects on ,-adrenoceptors, steep slopes resulted in small log-dose ratios: the ratio was smaller for isoprenaline than for phenylephrine and both were smaller than the value of 0.60 (log of 4) predicted by a 1: 1 or non-cooperative drug-receptor interaction. In right atria from thyroidectomized animals, the appearance of an a-adrenoceptor component in the chronotropic effect of phenylephrine was associated with a significant decrease in slope, indicated by the increase in ratio. The increase in ratio for isoprenaline was much smaller. Inhibition of a-adrenoceptors by phentolamine or a low concentration of PB decreased the log-ratio toward that in control preparations as also illustrated by the steeper concentration-response curves in Figure 6b and d whereas inhibition of /-adrenoceptors by H 93/26 produced a further increase in ratio, i.e. decrease in slope. These observations suggest that activation of myocardial P-adrenoceptors result in steeper dose-response curves than activation of a-adrenoceptors, and a change in the balance of a-and /3-adrenoceptors results in a corresponding change in slopes.
Discussion
The results presented establish a strong correlation between thyroid hormone levels and the relative importance of myocardial a-and P-adrenoceptors mediating inotropic and chronotropic responses. In general, thyroidectomy shifted the balance of adrenoceptors toward the dominance of the a component, whereas maximal dominance of /B-adrenoceptors was observed in preparations from thyroxine-treated animals. The properties of adrenoceptors in the myocardium of euthyroid rats appeared to be closer to those in hyperthyroid than in hypothyroid animals. The observed shifts in the balance between the two kinds of receptors can be interpreted as due to changes in the equilibrium between two forms of a single type of unit, as proposed earlier (Kunos & Szentivaanyi, 1968; Kunos & Nickerson, 1976) , although they can also be explained by two independent pools of receptors with reciprocal sensitivities to the effects of thyroid hormones. In earlier observations on temperature-induced receptor transformation the first interpretation was favoured by the finding that f6-adrenoceptors did not appear at high temperatures after a-adrenoceptors had been alkylated at a low temperature Kunos & Nickerson, 1976) , and there are analogies between the two models that suggest that the changes in responsiveness produced by altered thyroid hormone levels reflect a similar interconversion of myocardial a-and ,-adrenoceptors.
The metabolic rate of tissues is low both in hypothyroidism and at low temperatures. Similarly to the effect of hypothyroidism in rats, low temperature in frog hearts induced reciprocal changes in the effectiveness of a-and,-blocking agents (Kunos & Szentivanyi, 1968; Buckley & Jordan, 1970; Harri, 1973; Kunos & Nickerson, 1976) , significantly reduced the potency ratio of isoprenaline and phenylephrine (Harri, 1973; Tirri, Harri & Laitinen, 1974; Kunos, unpublished) , and increased the tissue binding of PHI-PB (Kunos & Nickerson, 1976) . The aadrenoceptor component in inotropic responses appears to require intact sympathetic innervation and denervation of rats by 6-hydroxydopamine was shown to stabilize the receptor in the /5-form both at low temperature and in hypothyroidism (Kunos & Mucci, 1975) . Both hypothyroidism and low temperature decreased the sensitivity of the myocardium to the natural transmitter adrenaline (frog) or NA (rat), which suggests that a-and ,B-adrenoceptors may be low-and high-sensitivity forms of the same unit. Adrenoceptor reactivity in frog isolated hearts shows seasonal variations and the greater sensitivity of the winter frog heart to a-adrenoceptor blockade could be abolished by treating frogs with anterior pituitary extract, which possibly increased thyroid activity (Nickerson & Nomaguchi, 1950) , or by raising the temperature of the isolated heart (Kunos & Szentivanyi, 1968) . These findings and our unpublished observation that the shift in the properties of myocardial adrenoceptors after thyroidectomy was not significantly increased by lowering the temperature of these preparations, suggest that the mechanisms by which thyroid hormones and temperature can influence receptors are similar.
Although adrenoceptors mediating inotropic and chronotropic responses were affected by changes in thyroid hormone levels in a qualitatively similar way, the equilibrium between the a and the / component was different for the two reactions. In contrast to inotropic responses, and in agreement with published observations (Krell & Patil, 1969; Parr & Urquilla, 1972) (Yazaki & Raben, 1975 
Values are means + s.e. of log dose-ratio (logarithm of the ratio of EC5i and EC20 for isoprenaline or for phenylephrine). Numbers of experiments are given in parentheses.
catecholamine sensitivity (Harrison, 1964; Waldstein, 1966) . Another source of discrepancies may be the inconsistency in the way sensitivity to agonists has been determined; although the conclusion in some recent studies was a lack of change in myocardial sensitivity to noradrenaline in altered thyroid states (Buccino, Spann, Pool, Sonnenblick & Braunwald, 1967; Levey, Skelton & Epstein, 1969) , changes similar to those in the present study are apparent when concentrations of noradrenaline producing half-maximal responses are determined from the data presented by these authors. The specificity of a-adrenoceptor blockade in the present study is supported by several observations. Thyroidectomy increased the blocking effectiveness of both PB and phentolamine, antagonists with very different chemical structures and reactivities. PB is known to have a wide range of effects other than inhibition of a-adrenoceptors, which probably all involve alkylation of various tissue components (Harvey & Nickerson, 1954) . However, potentiation of responses to noradrenaline after protection of aadrenoceptors by phentolamine ( Figure 2b ) and inhibition of the negative inotropic effect of pilocarpine by PB ( Figure 4 ) were unaffected by thyroidectomy, which indicated a selective increase in the interaction of PB with a-adrenoceptors. The absence of a significant change in the reactivity of PB with nonspecific tissue components is also suggested by the finding that after protection of a-adrenoceptors by phentolamine, binding of [3HI-PB was reduced to a level not significantly different from that in controls. PB also did not influence the inotropic response to CaCl2 and its inhibition of responses to phenylephrine was not altered by the presence of quinidine, which suggested that the effect of PB on aadrenergic responses was not related to a nonspecific inhibition of transmembrane Ca2+ movements that can occur with a concentration of PB (0.1 gM) much higher than those used in the present study (Shibata, Carrier & Frankenheim, 1968) .
The mechanism by which threshold blocking concentrations of a,-adrenoceptor antagonist during exposure to PB significantly potentiate the apparent blocking effect of the latter in hypothyroid preparations ( Figure 5 ) or in frog hearts at low temperatures (unpublished) is not readily explained.
Persistence of the increased blocking effect of PB, after the P-blocking drug had been washed out, suggests that this potentiation is not due to an 'occult' block of a-adrenoceptors, masked by activation of fiadrenoceptors. If this were so, potentiation of the blocking effect of PB should have been reversed after removal of the f-blocking drug, but it was not. Instead, it may be proposed that inhibition of the P form of the receptor shifted the equilibrium in favour of the a form, which was then 'trapped' by the irreversible antagonist. This effect would be similar to the shift in equilibrium, induced by antagonists, between conformational states of an allosteric cholinoceptor (Karlin, 1967) . The above mechanism might also account for observations that in euthyroid preparations PB can increase the inhibition of inotropic responses to NA and phenylephrine by a high concentration of pronethalol or propranolol, if given after but not before the f-blocking drug (Govier, 1968; Kaumann, 1970) . It is also interesting to note that changes in the relative dominance of a-and fiadrenoceptor responses in the present study were associated with changes in the slopes of agonist concentration-response curves, although the mechanism underlying these changes is not clear.
Observations of a temperature-induced interconversion of histamine Hr-and H2-receptors in guinea-pig ileum (Kenakin, Kreuger & Cook, 1974) and of a thyroid hormone-dependent change in the concentration of cestrogen receptors in the rat pituitary gland (Cidlowski & Muldoon, 1975) may suggest that metabolic control of receptors may be a general phenomenon affecting not only adrenoceptors, but other hormone receptors as well.
The present findings on the pharmacological activity of drugs acting on adrenoceptors in preparations from thyroidectomized animals are in good agreement with previous reports of an increased effectiveness of phenylephrine and phentolamine and decreased effectiveness of isoprenaline and propranolol in hearts from propylthiouracyl-fed rats (Nakashima, Maeda, Sekiya & Hagino, 1971; Nakashima & Hagino, 1972 Interconversion of a-and ,B-adrenoceptors due to altered thyroid hormone levels could account for a number of other published observations. A selective increase in adrenergic stimulation of the aorta of hypothyroid rabbits (Rosenquist & Boreus, 1972) , a diminished calorigenic response to noradrenaline in thyroid hormone deficient newborn rats (Steele & Wekstein, 1973 ) and a decreased glycogenolytic response to isoprenaline in 13 I-treated rats (Dominguez, Catanzaro, Fernandez & Vidal, 1973) suggest that the hormone-induced change in adrenoceptor properties may not be limited to the myocardium. Other observations, including a selective increase in isoprenaline sensitivity of cultured mouse heart cells exposed to triiodothyronine (Wildenthal, 1974) and a decreased adrenergic vasoconstriction, reversed by pronethalol, in the hind limb of thyroxinetreated dogs (Zsoter, Tom & Chappel, 1964) are compatible with a shift in receptor properties from a to , in hyperthyroidism. Thyroid hormones may also modulate their own release by influencing the properties of adrenoceptors located on cells of the thyroid gland; isoprenaline was shown to increase the in vitro synthesis of thyroid hormones in isolated calf thyrocytes, an effect blocked by phentolamine, or increase the in vivo secretion of thyroid hormones in thyroxin pretreated mice, an effect blocked by propranolol (cited by Melander, Ranklev, Sundler & Westgren, 1975) .
Although inotropic and chronotropic responses of the myocardium can be mediated by both a-and f6-adrenoceptors, the underlying mechanisms may differ.
Stimulation of P-adrenoceptors is associated with a rise in cyclic AMP levels both in intact hearts (Robison, Butcher, 0ye, Morgan & Sutherland, 1965) and in subcellular membrane preparations (Murad, Chi, Rall & Sutherland, 1962) . Preliminary observations in our laboratory showed that P-adrenoceptor stimulation increased cyclic AMP levels both in contracting and in quiescent myocardial preparations, whereas an a-adrenoceptor mediated elevation of cyclic AMP levels in hypothyroid left atria required not only intact cells but contractile activity as well (Kunos, 1975) . It has also been reported that stimulation of a-adrenoceptors in the dog heart is not associated with an 'oxygen-wasting' effect (Privitera & Rosenblum, 1967) and it is interesting to note that both low temperature in frogs (Korb, Poupa & Carlsten, 1973) and hypothyroidism in rats (Chappel, Rona & Gaudry, 1959) appear to prevent isoprenaline-induced myocardial necrosis. Therefore, it is tempting to speculate that changes in adrenoceptor characteristics play a role in the adaptation of mechanical responses of the myocardium to its metabolic state. Such as adaptation might contribute to the reported therapeutic effect of lowering thyroid activity in patients with angina pectoris (Segal, Silver, Yohalem & Newburger, 1958) and to the increased sensitivity of the hyperthyroid and decreased sensitivity of the hypothyroid myocardium to arrhythmias (Freedberg, Papp & Vaughan Williams, 1970 
